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ABSTRACT

The various resonant modes of gas pressure oscillations in a Sinusoidal
Pressure Generator, featuring a closed, flat cylindrical chamber, were theore-
tically determined and verified experimentally, using Freon-i2 and nitrogen as
test media,

For chamber length-to-diameter ratios less than |,7]l the transverse
modes were shown to be dominant. Since the test chamber of the Sinusoidal
Pressure Generator had a length-to-diameter ratio of only 0.38, it was predicted
analytically that the lowest obtainable resonant frequencies would be the
first and second tangential modes., Strong transverse nearly-sinusoidal waves
corresponding fo these ftwo modes were obtained in the tests,. buf with
frequencies somewhat less than those predicted by acoustic theory.

In theory, a pressure transducer which has a circular diaphragm
concenfric with a cylindrical chamber for ifs sensing element will exhibit no
net response fo the tangential ("sloshing") modes. Such a fransducer mounted
in the end wall of the chamber did, indeed, not respond to these modes., The
theory was then extended to cover plane waves moving paralle}l to The diaphragm
face, and predicted an amplitude decrement and increased phase shift as the
frequency increased.

The Sinusoidal Pressure Generator was evaluated for its designed
function of determining pressure transducer frequency response. With helium as
the test gas the character of the pressure waves were shown to be essentialiy
sinusoidal and the amplitudes of the oscillations were adequate for transducer
testing throughout a test range from 1,800 to 21,600 cps. However, a departure
from uniform sinusoidal response was apparent as the frequency was increased,
timiting the applicable range of the Sinusoidal Pressure Generator as

currently designed to about 10,000 cps for pressure transducer evaluation,
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NOMENCLATURE

area

scale factor for amplitude of sinusoid
chamber radius

velocity of wave propagation
chamber diameter

constant having the value 2.7128
frequency

conversion factor, 32.17 ft/sec/sec
complex quantity, V =1

Bessel function

a constant

chamber length

subscript indicating a mean value
molecular weight

unit of inductance

running index equal to O,.1, 2, 3,
running index equal to 0, |, 2, 3,
running index equal to 0, |, 2, 3,
pressure

sharpness of resonance

radius of a transducer diaphragm
gas constant

universal gas constant

radial space coordinate in cylindrical coordinates
absolute temperature

time variable
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NOMENCLATURE (Continued)

variable equal fo x/R , where R = diaphragm radius
intercept of Lissajous pattern on oscilloscope
Cartesian coordinate

maximum height of Lissajous pattern on oscilloscope
Castesian coordinate

coordinate in cylindrical coordinates

solution of 4Jm (W"(mnﬂo( = 0

ratio of the specific heafts

unit of capacitance

angular coordinate in cylindrical coordinates

phase angle

angular velocity

unit of resistance

resonant frequency
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I. INTRODUCTION

One commonly-used method of determining transducer performance
has been to analyze the response to a step pressure input generated by a
shock tube., It is relatively simple to determine the natural frequency
(assuming low damping) by counting the number of cycles of oscillation
during a known time period. The damping ratio can be determined from
the number of oscilliations occurring prior to decay to 50% amplitude.
See (1)*, Figure 3.

Tallman (2) also developed a method for obtaining the compiete
frequency response from shock tube data by using Guilleman's impulse
technique. The method is difficult to apply and the resultant frequency
response has a Jagged, irregular appearance.

In addition to the difficulty of data analysis, there are some
problems peculiar fo shock tube testing. The transducer is subject to
"ground shock" through the tfransducer mount and the transducers may be
aftected nonltinearly by the acceleration of fthe diaphragm due to the
impinging shock front. These factors will tend to obscure the response
to a pure step pressure input and fo complicate the analysis.

Flow Throttling devices with sinusoidal pressure oscillations
permit direct determination of the frequency response without involved
data analysis and sophisticated instrumentation. Although atfractive in
theory, flow throttling devices in the past have demonstrated either
inadequate amplitude in the desired frequency range or nonsinusoidal
wave shapes. The gererator described in this report, although falling

info this general category, was successful in eliminating these

*
Numbers in parentheses indicate references at end of report.



difficulties, as will be described later.

In short closed cylinders such as the test chamber in the present
generafor, the fransverse modes are dominant at resonance. Although
discussed quite thoroughly theoretically, |ittle has been done experi-
mentally To produce These modes. Morse (3) discusses The standing waves
in a cylindrical room, and much of the analytical work in this report is
an extension of his work. This is an acoustic resonance in which the
frequency is independent of the pressure amplitude.

Maslen and Moore (4} developed a theory for strong fransverse
waves in a circular cylinder and showed that the frequencies at resonance
were influenced by the strength of the wave, but that for waves of
moderate strength the frequencies were close to those of the acoustic
modes. They also concluded that the frequency of a stfrong fransverse
wave is less than that of the associated acoustic mode, and that sfrong

transverse waves do not steepen into shocks.




II., PURPOSE AND METHOD OF APPROACH
The purposes of the tests were twofold:

I. To investigate the transverse modes of
chamber resonance.

2. To evaluate the usefulness of the pressure
generator as a transducer testing device,

The resonant modes of the chamber were investigated first
theoretically and then experimentally. The test gases for this phase
were Freon-12 and nifrogen, which were used in order fo bring some of the
theoretical resonance frequencies within the operating range of the
generator, The response to fransverse resonant modes of a test trans-
ducer having & large diaphragm as a sensing element was investigated
analyfically and experimentally.

The chamber response was then determined at discrete frequencies
throughout the operating range of the generator, using fthree small quartz
transducers placed at various locations on one end wall of the cylindrical
test chamber, For transducer testing it is desirable that the response
be uniform and sinusoidal throughout the chamber. Helium was the test gas

used for This phase,



III. ANALYTICAL STUDY
The following section considers theoretically the various modes
of standing waves in a cylindrical chamber. In addition to describing the
resulting pressure patterns, application is made to predict the integrated
response of a transducer to the various modes.
A. Theoretical Chamber Resonance
The wave equation for the pressure at any point can be written

in cylindrical coordinates:

L QP _ 1D (2% L 9% (1
A A )*'/«:zacp T o

The solution to this equation is, after Morse (3), p. 398

12
o= cos () o5 (L22) T (Y ST

=kl e

*
where m = 0, I, 2, 3,

c = welocity of wave propagation

UJZ, = angular velocities in 2 and Jt
directions respectively

T

m

1)

H

Bessel functions

frequency of the pressure fluctuations

The three space coordinates #Z# , &, and CP are defined by the

e
. |

1 "_"J‘E?
r___/

All symbols used in the text are also defined under "NOMENCLATURE."

foliowing diagram,
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At the walls of the cylinder the particle velocity perpendicular
to the wall must be zero. This means that the derivative of the pressure
with respect to the coordinate perpendicular to the wall in question must
be zero.

Considering the end wall, where the coordinate "Z" is either
zero or equal to "L", this requires that jéjg be zero. The partial

OF |z-0

derivative with respect to Z is Z={

g—g = cos(m@) T, (28) e mLPt(_u_g>s,n(aZZ ) )

which results from differentiating Equation (2). Equation (3) is identi-

cally zero when Z is zero since the sine of zero is zero. For the
derivative to be zero at Z = L the quantity Ef%%;: must be equal tfo nETT
where nz can assume any positive integral value.

Considering the r-direction for the radial particle velocity to

be zero, é%Z? must equal zero. Differentiating Equation (2) with respect
/T

o N,

| —2m vt )
%zfQL: cos(mp)ces (&’g?)e %[Im(“’gn)] (4)

For Equation (4) fo be zero at Jg =@ , the quantity OLJ'm/dr(_
must be zero at J1 =@, which will be true if Yg/c is equal to T mn
where TIO{mn is a solufion fo the equation AJ (TR /AX =0 .

The boundary conditions defermine fthe characteristics values Yo

be inserted in the solution to the wave equation
[a3 .
Wz = (77-773 /L) wohevre Mz = D,1,2,3,.--

W = (7TT>thn C%a_>

N

v () (2




After inserting these values, Equation (2) becomes

Aonsr f
_eos[m(P)GOS(%—” L) (éfipa_ -cmzf) ( 5)

Equation (5) is the general equation for standing waves in a

closed cylindrical chamber. Although this is the general equation the
pressure at any point can be thought of as the sum of the pressures due
to several waves, The waves can be labeled "axial' or '"tangential"
depending upon their motion with respect fo the chamber coordinates.

The Z-axial or longitudinal waves have all the motion parallel
to the chamber axis. The gas properties in any plane perpendicular to the
axis are constant across the chamber. Under these conditions the quantity
[cos (rnCP)j T (770/,.,,,., must be zero for all values of (Q and JU which
will be true only if "m" and %(rnn" are zero. With these substitutions

Equation (5) becomes

<2
p= Coséha_l—) C'nf (h=06,1,2,3,) (6)

This type of resonance is the so-called "organ-pipe" mode since
it is the dominant one for the large length-to-diameter ratios used in
organ pipes.

However, for length-to-radius ratios less than |.71 the mode with
the lowest frequency (1)= R’%}Z é’%n_n)z : is a transverse "sloshing"
mode. The motion in this "sloshing" or tangential mode is parallel to
the curved side walls of the cylinder. There is no motion at the axis
and gas properties are constant along any line parallel to the axis. The

resulting equation for tangential modes is

—r GOSCW(O)TméTo(MOﬁ) * Clm=o)l,z,3;~u) (7)
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The waves in which all motion is paratlel fo the radii of the
chamber are designated/t-axial or radial waves. There is no variation with
49 and # , and therefore "m" and "n" are zero. The expression for the

ressure is then
P Xon

- Kn /T @
P=h(Xa®)e _

Any standing wave paftern can be broken down into one or a
combination of the preceding types of waves. Figure | on the following
page shows some of the pressure patterns associated with these various
modes,

B. Infegrated Response of Transducers

Many of the transducers to be evaluated will have fairly large
diaphragms as the sensing elements, Some simple assumptions as to the
characteristics of these diaphragms are made in order to permit prediction
of fransducer response to the pressure patterns of the resonance modes of
the cylindrical chamber. Some of the assumptions are

(1) The diaphragm forms one end wall of a closed
cylinder which can be driven to resonance

(2) The output of the fransducer is proportional
to the instantaneous average pressure over

the diaphragm

(3) The response of the diaphragm does not affect
the standing wave patterns,

The known pressure patterns which will be considered first are
those resulting from the standing waves present in a closed cylinder at
resonance, Since it has been assumed that the modes can be superposed,
each type of wave can be analyzed separately and the results added to
obtain the net effect upon the diaphragm.

The solution for standing waves in a closed cylinder has
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—--NEGATIVE PRESSURE — POSITIVE PRESSURE

a,, = 1.2197 CI02=2.233I a|°=0.586l

FIRST RADIAL SECOND RADIAL FIRST TANGENTIAL

qyp=1.3373 €,,"1.6926
THIRD TANGENTIAL FOURTH TANGENTIAL

%, = 2.042 «, =1.6970 «,, =2.1346
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TRANSVERSE MODES OF PRESSURE OSCILLATION
IN A CYLINDRICAL CHAMBER

FIGURE



been developed previously and is

. cos(mCP)“‘(T—’" L)T (L’Td >

Consider first the response to longitudinal modes. It is evident

_ i |ftafelizn)” 4

(9)

that the average pressure over the diaphragm is in phase with and equal in
amp | {tude to the pressure at the center of the diaphragm. The output of
the transducer is then in phase with the pressure at the center of the
diaphragm, and the ampli tfude is proportional to the ampiitude at the center.

For the purposes of this development the constant of proportionality may be

assumed fto be unity. The expression for the pressure at 2 =1_ is
ey
-ari e (10)
fo= tos(Thg )e

The average pressure over the area of the diaphragm from

=0 to N )1t where ji‘ £a can be eXpressed as

ffdA f 1::‘-&@&/1 _ 005(;7'/72‘)6‘_0-‘——{— /2‘:@0&/‘ (n
/AA f f ndipbn ™A%

is used to allow the actual or effective area to be less

than the cross-sectional area of the chamber. Equation (11) neglects any
non-varying component of the pressure. Evaluating the double integral

the average pressure is

. A
-CIrt f'[‘ (12)
ﬁ_: dos (‘7/‘/72) e
This/ is to be compared to the pressure at the center of the dia-
phragm.. At the center, /t is zero. The pressure at the center is then
-7 fif
- = cos (;;7';72) (13)

This is identical in form with the expression for the average

pressure. The diameter of the diaphragm thus has no effect upon the outfput
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The Bessel function J'(ﬂﬂ)Qn ) and /ft are not functions of qQ

a..

and after integration with respect fo CP the average pressure is

~Tr{ Xen
2e a ¢
= f T (TXenlt) o g (19)
ek

Change the running variable by letting X = 7TCXon/Z

C‘ﬂ‘c%nt
2e
= ( \ J x () dx 20

The integral JG(J;CX)cb( is a standard form whose value is

The average pressure is then

éD(ont Cn_l;o(,,nt
= Tro<mrc x ST e

K is a constant dependent upon /2, , G. and &y, . For )II = Q.
the average pressure is zero, and there should not be any output from the
transducer.

The pressure at the cenfer of the end wall of the chamber is

HKon
2= L @e

—CTTe e _ ‘Xpn
= t_ e et (22)

The average pressure and the pressure at the center are in
phase but the amplitude ratio is dependent upon the constant K . 1In all
cases, however, the average pressure is tess Than or equal fo the pressure
at the center.

The preceding discussion considered the response of a frans-
ducer to the pressure patterns present in a cylinder at resonance. The
Theory will now be extended Té a somewhat more general case, that of a
sinusoidal pressure wave moving parallel to the diaphragm of the transducer.

Assume that the transducer is mounted flush in the walls of a

rocket motor and is exposed to tangential resonance modes. It is necessary
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to determine the errors in phase and amplitude caused by the area of the

circular diaphragm.
The following assumptions are made:

. The sensing element of the transducer is a flat
circular diaphragm of radius R .

2. The pressure can be represented as a steady
pressure plus a sinusoidal component which moves
parallel fo a diameter of the diaphragm.

3. The steady pressure can be ignored.

4. The net deflection of the diaphragm is proportional
to the instantaneous average pressure over The

diaphragm,
From assumption |. the pressure can be represented as
P = Pm + Acos 2T § (ett.) (23)

The diaphragm can be represented as a circular area in the x-y
coordinate plane bounded by the curve X2 + y2 = R?

In terms of the coordinate x the pressure at any point can be

represented as
X 4 Xo
P, = P+ Aces -zTrjc(’a+ Z)= Tt R C”KQTE\C)X"’C‘?] (24)

where the variable t has been replaced by an equivalent variable li".

C
21T

<

The expressiontp= X, is essentially a phase angle which relates the

position of the pressure wave with respect fo the diaphragm. The mathe-

matical model is presented below.

\

A\

AN\
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From this The instantaneous average pressure over the diaphragm

Jirtt of Trorhea CF s O]

= €25)
/44 4-] Rx® Ax
¢
The response of the diaphragm wili be compared to the pressure

at the center as a reference, At the center x = 0 and

)

1; = )fM‘waSd) (26)

Rearranging Equation (25) the average pressure can be represented

NN e

Fbdres s,
© o Ll o
F'?H‘*‘ r‘[,e;/zz;z[kx

Change the running variable and make the following substitutions

W =

as

(27)

Then

~
[
€3}
~

A?;/‘/) 4A(UI— JZ OS/ \Al.-l.- &\l

M7 Voo
O

The integral j\/;_w’L Los (kw+¢)¢lw has been integrated

numerically for values of K from zero fo five and values of @ from
zero to two radians. After normalizing by d!Vld"’lg bijl_w— alW‘z’_‘I
the results are plotted for comparison with 10 = cos § for @ from
zero o two radians in Figure 2. There is a phase shift and amplitude
decrement dependent upon R and K where K= 2774C . For a diaphragm
of radius R = 0.35", a wave propagation veloclTy c = 3500 ft/sec and

a frequency of 1600 cps the phase shifft would be approximately 25 degrees



-1 4-

3AVM TVAIOSNNIS 1N3AIONI 137711V Hvd

V Ol 3ISNO4S3Y¥ ¥30NASNVYL (Q31VHO3LNI

SNVIAVY ‘3T19NV 3ISVHJ

S

14 ¢ é

AN

wouh-1/

<
o
;u%+;5moo~;-_\(_\

[0O=X ¥0 0=m]

(0G=1®
Ob=4O
0'€=X A
024y
| 0'1=)DO
¢ s00 O

G-

O'l-

10

Ol

Gl

FIGURE 2

JANLINdWY 34NSS3Hd

€921 ¥dr




-{5-

and the amplitude ratio would be 0.88.
This effect should therefore be considered when using transducers
where fhe pressure paftern is moving paraliel to the sensing element

diaphragm.
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IV. EXPERIMENTAL STUDY
A. Apparatus

The test chamber of the pressure generator was a small cylinder
0.70 inches in diameter and 0.255 inches in tength. During fransducer
evaluation the test transducer and its mounting formed one end wall of
+he chamber. The chamber was designed around the Dynisco PT49 series of
pressure transducers, and this dictated the minimum possible chamber
diameter and also the chamber configuration; i.e., a cylinder rather
than a sphere or a cube. A reference pickup with a very high resonant
frequency was mounted in the opposite end wall.

The gas whose flow was to be modulated entered through an
orifice [/10" in diameter in the curved side wall of the chamber and
discharged through a circular port /8" in diameter across the chamber
from the inlet port.

An aluminum wheel having seventy-two |/8" diameter circular holes
near its rim rotated past the discharge port, thereby modulating the flow.
The wheel could be adjusted against the chamber block by a micrometer
ad justment.

A detalled drawing of the Sinusoidal Pressure Generator is
presented In Figure 3,

The drive used for these tests was a U.S. Varidrive with an out-
put speed range of 1500-6000 rpm. The drive from the Varidrive to the
modulating wheel was through timing belfé and gears. Two gear ratios,

s} and 3:1 were used to provide a speed range of [500-18,000 rpm for the
wheel. Photographs of the generator system are presented in Figures 4 and 5.

When using the generator for routine transducer evaluation the

chamber response should be as nearly sinusoidal in waveform as possible.

In order to satisfy this requirement, the lowest resonant chamber frequency
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SINUSOIDAL PRESSURE GENERATOR
AND INSTRUMENTATION

FIGURE 4
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should be as high as possible. The ideal gas for this reason would have been
hydrogen, but it was rejected because of the hazards associated with its

use in a confined area. Helium, being inert, was chosen for fransducer
evaluation,

In order to study the response of the chamber, some of The
theoretical chamber resonances must be within the possible riving frequency
range of 1800-21,600 cps. Since The resonantfrequencies are directly
proportional to the speed of wave propagation, it was decided to use
nitrogen and Freon-12, which have rather low propagation velocities (of the
order of 100 ff/sec and 500 ft/sec respectively at room temperature).

The helium was stored in a compressed gas-botfle. From the
bottle the helium passed through ftwo stages of pressure regulation.

Supply pressure into the generator was arbitrarily set at 90 psig. Flow
To the generator was controlled by a remotely-operated solenoid valve,

The nitrogen system was similar to the helium sysTém except
that the nitrogen was drawn directly from a high-pressure nitrogen
cascade.

The Freon-12 was supplied from a bottle heated by resistance
heating cables and went through only one pressure requlator. There was
effectively no pressure regulation, since fthe maximum Freon-12 pressure
attained, approximately 80 psig, was below the regulated pressure of
90 psig.

The gas systems are presented in Figure 5.

The three transducers used for evaluation of The pressure
generator were piezo-electric quartz transducers which had a resonant
frequency of approximately 127,000 cps (shock tube determination). The

active sensing surface of these pickups was less than a tenth of an inch in
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diameter. Although only the varying component of the chamber pressure

was measured, these pickups exhibited good D.C. stability when used carefully.

Their output was of the order of one vol+t, which was amplified Through an

amplifier-calibrator having a maximum gain of six. Because the resonant

frequency of the quartz fransducers was high, it was assumed that fTheir

output faithfully reproduced the actual chamber response. A fransducer

with a resonant frequency of 127,000 cps and fairly high damping would

have, at 20,000 cps, a phase lag of approximately ten degrees and an

amplitude ratio very nearly equal to one. Using the transducer oufputs

directly was thus sufficiently accurate within the frequency range of the

generator,
The

series, which

water cooling.

of 25,000 cps

excitation of

only "test" transducer used was one of the Dynisco PT49

utilized bonded strain gages and employ double diaphragms for
These tranducers have an approximate resonant frequency

and low damping. A regulated power supply was used for

the test transducer and the signal was amplified through a

D.C. amplifier operated differentially.

From the amplifiers the signals were fed through filters and then

info the amplifying units of a four channel oscilloscope. The filfers were

designed primarily to eliminate high frequency noise and any possible

resonant response of the quartz transducers. The circuit diagram of these

filters and their amplitude and phase characteristics are discussed in

Appendix B.

The oscilloscope has a four-beam cathode ray tube. The four

beams have common triggering and sweep circuits; however, there are two

controls, each controlling two beams, for horizontal frace posi#ionihg,

For this reason marker pulses were placed on all fraces simultaneously

w
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for more accurate determination of phase relationships.

Driving frequency was calculated from whee| speed. A small
+wo pole magnet was mounted on the wheel shaff and a small coil was
mounted near the magnet. The frequency generated as the shaft turned was
displayed on an electronic counter.

All waveforms were photographed using a Polaroid camera mounted
on the oscilloscope.

The instrumentation schematic appears in Fﬁgure 7. The two
types of transducers used are shown in Figure 8 aiong with the gquartz trans-
ducer adapter, the chamber inlet orifice, and the Dynisco transducer
adapter ring. The four-channel oscilloscope, Polaroid camera, filters,
and marker amplifier are shown in Figure 9.

B. Tests

With the transducers installed and the fest gas flowing, the
sinusoldal pressure generator was operated over a range of speeds and the
chamber response photographed from the oscilloscope display.

For the chamber evaluation a speclal plug was designed to hold
as many as four of fthe quartz transducers. The plug was inserted in the
same location that a test fransducer would occupy during evaluation.

This arrangment provided information on the chamber response at five
different locations on the chamber end wall. A drawing of this plug

is presented in Figure 10, and an exploded view of the entire pickup-plug
assembly Is presented in Figure I|l. This special plug was used for all of
the tests except those for determination of the integrated response of a

test transducer to known pressure patterns,
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The following diagram shows one typical configuration for the location

of the transducers in relation to Thehéhamber:

End View of Quartz, Pickup (TYR)
. O_]O 4 L

Lip fTo Support Pickup
Assembly : o

, Qutlet

lank Hole Plug
Active Sensing Area

o.lo” Tﬁ / } F T 0 505"

Chamber Cross Section i

C. Problem$ and Discussion of Errors

Electromagnetic Interference

ot

The mos% serious problem was 50 cycle interference, particularly
with The sTraLn—gége fransducer, because of the very:high gain necessary
to obtain adequa%é signal amplitude. The interference was reduced fo a
resonéBle tevel by a careful elimination of all grouné loops and by
operating the D.C. amplifier differentially.

This problem was not serious for the quarTz‘TransducerS because
of their relatively large outputs.

Frequency Errors

' One obvious source of error was The accuracy of the electronic
counter. The quoted accuracy was one count but the gating was such fThat it

was possible to lose or gain almost fwo counts (two cycles). The driving
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frequency was seventy-two times fthe count because there were seventy-two
holes in the modufating wheel. AT a driving frequency of 2000 cps the
error could have been as much as 7.2 percent and at 20,000 cps the possible
error was .72 percent.

Another problem which became serious after completion of These
particular tests was inconstancy of the outpuf speed of the Varidrive. This
5ecame progressively worse and was estimated to be several percent at the
Time the Varidrive was replaced by a direct-current motor.

Departure from a Sinusoidal Waveform

The response at off-resonance conditions should be sinusoidal for
fransducer evaluation, but an examination of the actual waveforms showed
a departure from this ideal. The waveforms with helium were very nearly

sinusoidal at the lower frequencies, but steepened as the frequency was
increased. As The frequency was increased further, so that the wavelength
was of The order of the chamber dimensions, the waveforms became quife
distorted and the response was non-uniform across the chamber. There were
several reasons for this behavior:

}. The aluminum modulating wheel used for these tests warped,
producing a runout of .00I5". This wheel wobbie and fhe irreguiar gas
|eakage introduced frequencies other than the driving frequency.

2. The circular discharge holes did not theoretically produce
the correct area variation for sinusoidal waveforms.

3. The turbulence level of the flow through the chamber could
have been an appreciable fraction of the fotal output at the higher
frequencies,

4. Flow infertia effects could have been responsible for the

steepening of the waves but this was not investigated.



V. ANALYTICAL-EXPERIMENTAL CORRELATION
A. Response at 0Off-Resonance Conditions

The generator had adequate off~resonance response only with
helium, which is the usual fest gas for transducer evaluation. The
mean chamber pressure was essentially constant with frequency, as can
be seen from Figure 12. The mean pressure was 55,5 psig, as determined
from the test fransducer output display on a D.C. millivoltmeter.

The peak-to-peak amplitude of the fluctuating component of the
pressure at various locations in the chamber is presented in Figure |3,
The amplitude attenuated rapidly with frequency. The amplitude was
obtained with an electronic voltmeter, which responded to the average
voltage output of the quartz transducers.

The resul ting pressure patterns as a function of the frequency
are presented in Figures |4 and 15, The middle trace was not out of phase,
as it would appear from the photographs, as can be seen by observing the
location of the marker intervals on each frace. At the lower frequencies
the response was very nearly sinusoidal and in phase. As the freqguency
of operation was increased the amplitude decreased and the waves fended to
steepen. All the traces were obtained at constant gain seftings so fhat
the relative amplitudes are correct. As the amplitude decreased, the
noise, turbulence, vibration, eftc. became a larger fraction of the fotal
output. At the highest frequencies Thé response became more irregular as
discussed earlier, and phase relationships became difficult to determine.

It is desirable for fransducer evaluation that the chamber
response be uniform and sinusoidal, This criterion limited the existing

test configuration fo about 10,000 cps.
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B. Chamber Resonance

Section III-A explored theoretically the standing wave patterns
in a cylindrical chamber at resonance. In this section the existence of
the resonance modes is experimentally demonstrated.

The radius, a , of the chamber was 0.35" and the length, L, was
approximately 0.255". The latter dimension varied somewhat because the
plug which formed the end wall had an "0'" ring seal, and the dimension
could vary depending upon the amount of compression of this seal.

The equations for the resonant frequencies of the various modes
contain the velocity of wave propagation, ¢ . It was assumed thaf the
propagation velocity of the standing waves was equal to the propagation
velocity of an infinitesimal pulse. The propagation velocity was then

determined from the following equation:

c =Y ¥gRT (29)

where R = gas constant = R /M,
R, = universal gas constant = 1545.4 ft Ibf/lbm-mole °R
M, = molecular weight
g = conversion factor = 32,17 f1/sec?
¥ = ratio of the specific heats
T = absolute temperature of the gas in degrees Rankine

The gas properties are listed in the following fable.

s Molecular Weight Ratio of the Specific
as Mo Heats
Hel i um 4.003 (at. wi.) .67
Nitrogen 28.016 }.405

Freon-12 120.92 |.138
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The temperature of the gases in the modulator chamber was
determined experimentally by inserting a bare-Jjunction thermocouple . into
the chamber through the sidewal!l fransducer mounting hole. The gas
temperatures were 67°F for Freon-12 and 72°F for nitrogen and helium.

The calculated propagation velocities were

CHel ium = 332| ft/sec.
CNi-‘-rogen = F15]1 fT/SeC.
CFreon-12 = 496 ft/sec.

These propagation velocities were used to calculate the resonant
frequencies for the various modes, The calculated resonant frequencies
are tisfed |n The follir/wg table. These frequencies were calculated using
2

v=s[(B™*

Resonant Freguencies

Resonant Frequencies, Cps
Pattern _ mono Nz Freon-12 Nitrogen ﬁelium

Ist Tangential | 0O O 4,980 1,560 33,370
2nd Tangential 2 0 O 8,270 ig, 180

st Radial o | 0 10,380 24,070 69,440
Ist Longitudinal 0 0 | {1,230 26,060 75,190
3rd Tangential 3 0 0 I, 380

Comb. Ist Tangential

and Ist Longitudinal ool 12,320

Comb. 2nd Tangential

and Ist Longitudinal o 13,950

4th Tangential 4 0 O 14,400

Comb. Ist Tangential

and |st Radial ' ' 0 14,420

Comb. Ist Radial

and Ist Longitudinal 0 I ! 15,320
Comb. 3rd Tangential

and Ist Longitudinal > 0 16,000

5th Tangential 5 0 0 17,380

Comb. 2nd Tangential

and Ist Radial 2 10 18, 100

Comb, Ist Longifudinal

and 4th Radial o 4 | 18, 300

2nd Radial 0 2 0 18,950

6th Tangential 6 0 0 20,300
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The lowest resonant frequency with helium (33,370 cps) was above
the driving frequency capability of the generator, and no clear-cut
resonance pattern appeared. This section therefore considers only the
Freon-12 and nitrogen results,

The three quartz transducers were mounted in the brass plug, and
the remaining hole filled by using a blank plug made for this purpose.

The pickups were placed either across a diameter or at 90° to each other
around the .adge of the chamber.

After a shutdown for an extended period, the amplitudes as
indicated by the three transducers were adjusted so that all were equal
when flowing helium at about 4000 cps. At this frequency the amplitude
of the chamber response was still high and the waveform nearly sinusoidal.
No special effort was made to maintain the amplitudes of the oscilloscope
display constant from adjustment To adjustment, so that the apparent
ampl itudes vary somewhat befween setfs of runs.

I. Nitfrogen

With nitrogen there were only two resonant chamber frequencies
within the driving frequency range of 1800~21,600 cps: the first tangential
i

EN ~n and kb coman A Fom o mmd ] Q 19N ~nc
00U Cps, anag Tne Secona Tangenvi 7,10U Cps,

[6)]
e}
cL
[0)]

mode, y O
Figure 16 presents all the results using nitrogen. The response
between 1800 and 10,800 cps was repetitive but very distorted as compared
to a sine wave. At 10,800 cps (i6a, b, c) the pressure pattern was the
stabilized first tangential mode; i.e., The responses near the inlet and
discharge ports were of high amplitude and 180 out of phase with each
other, at location 90° to the inlet and discharge ports the response was

of low amplitude and more distorted, while the center was a null position.

At 11,280 cps (16d) the amplitude of the response was higher but
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the center was affected more strongly than previously. The pattern was
still basically the first tangential mode. Above 11,280 cps up to about
16,800 cps the reSponsé became more irregular and the amplitude decreased.
The basic first fangential mode was apparent from about 9600 to 14,540 cps.
vThe calculated resonant frequency (11,560 cps) was about midway in This
range, but the best wave pattern occurred at a somewhat lower freguency.

For the stabilized second tangential mode the responses at
focations diametrically opposite across the chamber should be.in phase and
The center should be a null. The behavior at 16,800 cps (16 e, f, @)
indicated a second tangential mode; however, two of the photographs show
a stabilized form (16f, g) and the third (l6e), where the transducers were
located around the edge, indicated a "spinning" form, since although the
three traces had equal pressure amplitudes, the phase relationships were
incorrect for a stabilized mode. This was the only instance in which a
spinning mode was identifiable as such. From Maslen and Moore (4) the
spinning mode is usually dominant over the standing mode unless the geomeiry
dictates otherwise. In the modulator the flow of gas appeared to stabilize
the mode with the nodes at 90° to a line joining the inlet and discharge
ports.

At 18,000 cps where the three tfransducers were also located 90°
apart (16h), the pattern was clearly a stabilized second tangential mode,
All the results at 18,000 cps (16h) indicated the stabilized mode.

The pattern wasstill present at 19,200 cps (I6k, |, m). This
compares with the calculated resonant frequency of 19,180 cps.

The existence of the first and second tangential modes was there-
fore demonsfrated experimentally by these tests. An unexpected development

was the persistence of the basic pattern over a wide frequency range.



2. Freon-iZ

Within the frequency range of the generator there were many more
~¢sonances possible with Freon-12 than with nitrogen. From Reardon (5), for
length-to-diameter ratios much less than unity, purely ftransverse modes
‘should appear. In this case L/D = .382, which indicated that transverse
modes should at least dominate. The most commonly observed modes, in
order of increasing frequency, were the first tangential, the second
tangential, the first radial, and the first combinea radial -tangential.

Freon-12 results are presented in Figures |7, 18, and 19. The
calculated resonant frequency of the first ftangential mode was 4980 cps.
Experimentally the resonant pattern appeared at about 4032 cps (l7a,b) with
the amplitude reaching a maximum at 4608 cps (l7c, d, e). The basic
pattern, although very distorted, was still present at 4944 cps (17f).

The second tangential mode was present from 6696 cps (17g) to
about 7992 cps (I7k, ). There were no records obtained of the response
between 7992 and 9360 cps, so that it was impossible to determine if the
pattern existed at the calculated resonant frequency of 8270 cps; however,
the best pattern was obtained at 7300 cps, which was considerably less
Than the calculafed value,

The first and second ftangential modes were therefore definitely
identified in both the nitrogen and Freon-12 tests, but the best patterns
were obtained at frequencies less than the calculated resonant frequencies.
With nitrogen the differences were small, on the order of several percent.
With Freon-12 the differences were approximately ten percent. It was
impossible to account completely for these differences, but several possible
explanations are discussed below.

The calculation of the velocity of propagation could have been

in error because of errors in the measurement of the temperature of the
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CHAMBER RESPONSE WITH FREON-I2

FIGURE 17
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gases. The resonant frequency is proportional to the velocity of
propagation and thus to the square root of the temperature. To account

for a ten percent frequency difference, however, the temperature would have
to have been in error by approximately |00°R. This was very unlikely.

Another possibility was that the equation for the propagation
of sound could not be used for the wave propagation velocity. The
velocity of a finite pulse is always greater than the velocity of
sound (infinitesimal pulse), but this would have made the calculated
resonant frequencies even higher and thus in the wrong direction to
account for the discrepancies, )

An explanation for this discrepancy between the calculated
acoustic resonant frequencies and the frequencies of finite amplitude
resonances is given by Maslen and Moore (4), who show that a strong
transverse wave has a lower frequency than the corresponding acoustic mode.
The effect is, however, fairly small; e.g., if the maximum peak-to-peak
pressure amplitude in the first (lowest frequency) fransverse mode were
one-third the chamber pressure, the frequency of the strong wave would
be reduced from that of the associated sonic wave by less than two percent
for ¥ - .4 (nitrogen). If the maximum peak-to-peak amplitude were one
half the chamber pressure, then the pressure would be reduced |ess than
three percent., Thus it is unlikely that Thisxeffecf could have produced
the observed discrepancy.

The first and second tangential modes were clearly dominant
within their respective frequency ranges, buf for the higher frequencies
no pure mode was found to be dominant. The low "Q" (sharpness of resonance)
of the chamber was demonstrated at the |ower frequencies with both nitrogen
and Freon-12. This permitted a pattern to exist over a wide frequency
range, and therefore as the frequency increased, the 'bunching' of resonant

frequencies prevented the dominance of any one mode. This "bunching'of the
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‘resonances at the higher frequencies can be illusfrated by observing the
Freon-12 resonances presented in the table on p. 37.

Although all of the combined modes are listed, the combined forms
which include a longitudinal mode would appear on the end wall (in which
the transducers were mounted) simply as the other component of tThe combined
form. For example, a combined first fangential and first longifudinal
would appear as a first tangential mode at 2 = L . The equation for the
pressure at any particular location on the end wall can be obtained from

=Trce o CE
.p;(coscp)(cOsv)JT(T—r%fP—IE’)e %gc (30)

TeX, st
= — CosP T, (voi;q e ._%?&o_

Theoretically, then, the only combined form appearing as a
combined form at the end wall would be a tangential-radial mode, and even
this type of mode might be indistinguishable depending on the positioning
of The fransducers.

Some discussion of the more clearly defined pressure patterns
at 9360 cps and above is of interest at this point.

At 9350 cps (I8a) the pattern apparently indicated a radial
I8

b} and 10,080 cps

mode. A 35 cps ( (18c, d) elements of a first
radial and a third ftangential mode were present. The one photfograph
showing The response at 10,476 cps (18e) indicated that the response was
primarily third tangential. The calculated resonant frequency for the
Third tangential mode was |1,380 cps. Note the progression in the wave-
form as the frequency was increased.

There are three photographs which present the response at
11,808 cps (18f, g, h). All the traces were in phase and equal in

amplitude except for the photo showing the response of fransducers
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placed along a diameter in line with the inlet and discharge. The only
applicable mode at this frequency was the first longitudinal, for which
the calculated resonant frequency was 11,230 cps.

Between 11,808 and 15,048 cps the response was quite irregular,
although of fairly large amplifude. At 15,048 cps (18i, j) both photo-
graphs clearly show that the predominant mode was radial. The response
near the edge of the chamber was [180° out of phase with the center and
of much lower amplitude. The calculated first-radial-mode resonant
frequency was 18,950 cps, but the resonant frequency for a combined first
radial and a first longifudinal was 15,320 cps.

Although the response from only one configuration of fransducers
was presenied for 15,595 cps (I18k) the pattern was a stabilized tangential
mode, which could be identified from the location of the nodes as the
fifth fangential mode. Its calculated resonant frequency was 17,380 cps.

At 19,224 cps (18Q, 19a, b), elements of various modes were
present, an odd fangential and a longitudinal or a radial., The response
at 19,584 cps (19, d) was similar to that at 19,224 cps with the radial
mode being more nearly dominant. This type of pattern persisted on up
through 20,088 cps (19, k).

The important conclusion to be derived from these data at the
higher frequencies is that various modes can exist concurrently in the
chamber, especially where the calculated resonances are close together,

C. Integrated Response of a Test Transducer

In Section III-B the response of a diaphragm transducer to known
pressure patterns was discussed theoretically. Resulfs of the attempted
experiment verification are presented in this section.

The analysis predicted that a test +transducer (e.g., one of the
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Dynisco PT49 series) with a circular diaphragm should show no net response
to tangential modes, but could show response to radial modes depending upon
the effective area of the diaphragm as compared to the area: of The chamber
in which it was mounted.

The Test transducer was mounted in the pressure generator, one
quartz tfransducer was mounted in the opposite end wall and another in the
curved side wall of the chamber.

The ampltudes of response of the fransducers were adjusted so
that all three traces on the oscilloscope had equal amplitudes when using
helium at 4000 cps. All signals were fed through the three filters
mentioned previously. The top trace on the photographs in Figure 20 is
from the quartz reference transducer mounted in the center of the end
wall, the middle trace is from the transducer mounted in the curved
side wall, and the botftom trace is from the tfest transducer. All tests
were conducted using Freon-12,

The test fransducer showed ltow amplitude and distorted response
at 4828 cps (20a). (The quartz transducer in the side wall verified The
presence of the first tangential mode.) This compared well in both wave-
shape and amplitude with the transducer in the opposite end wall, indicating
the predicted response of the test fransducer to a fangential pattern.

The behavior at 4828 cps was duplicated at 7128, 7200, and 7488 cps
(20b, ¢, d), but was even more clear-cut, indicating that fThe response of
The fest transducer to the second fangential mode was very low.

It has therefore been shown both theoretically and experimentaliy
that a test transducer of the flush diaphragm type is unaffected by

tangential modes in the Sinuscidal Pressure Generator,
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As the frequency was increased, an accurate classification of the
patterns became more difficult especially with only fwo reference fransducers
as located in The chamber.

The pattern at 14,904 cps (20e) was clearly a tangential mode,
since tThe center of the chamber exhibited low amplitude response while the
fransducer located in the side wall showed a high amplitude response. The
low amplitude of the Test transducer response further confirms the
analytical predictions,

The pattern at 17,424 cps (20f) exhibited the characteristics of
a radial mode, since the center and side wall fransducers were in phase.
This could not be true for a longitudinal mode. Although the fest trans-
ducer response was quite low, it increased in direct proportion to the
radial-mode amplitude at a higher frequency (18,072 cps - 20g). This
supports the theoretical prediction of the response of a fest transducer

to a radial mode pattern,
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VI, CONCLUSIONS

The sinuscidal pressure generator is useful as a transducer
testing device up to about 10,000 cps in its present configuration using
helium as the test gas (the use of hydrogen instead of helium would
probably extend this range). The pressure ampiitudes are adequate at
all frequencies, but fthe response above 10,000 cps is increasingly non-
uni form throughout the chamber,

The first and second tangential transverse modes were
predictable by acoustic theory with the exception that the observed
frequencies were somewhat lower than the calculated resonant frequencies.
These results verify the theory of Maslen and Moore (4) that strong
transverse waves can exist without shocks and that the frequencies for
the strong waves tend to be lower than for the corresponding acoustic
waves.,

It was not possible to predict in advance the standing wave
pattern at frequencies above the range of the second tangential mode. The
ambiguity was caused by '"bunching" of higher and combined modes due to the
low "Q" (sharpness of resonance) of the cylindrical chamber.

Analytical predictions that test transducers having flat circular
diaphragms exhibit l|ittle or no response to the tangential modes of

chamber resonance were verified experimentally.
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VII, RECOMMENDATIONS
It is recommended that further development of the Sinusoidal
Pressure Generator and its operating technique be undertaken as follows:
A. Expand the operating frequency range -

I. in the upper range from 10,000 to 15,000 cycles
per second, and

2. in the lower range down to 50 cycles per second.
B. Investigate the effect on performance of helium supply
i. pressure and
2. ‘Temperature,
C. Improve the design of the gas passages at the chamber
I. inlet and
2. discharge.
D. Evaluate the effect of changing the test gas from helium to
I . hydrogen and
2. other gases.

E. Investigate the difference between the theoretically and
experimental ly determined resonant frequencies of the
chamber.

F. Measure in detail the effect of changes in chamber geometry.

G. Develop the transducer evaluation techniques associated with

signal handling and display,
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APPENDIX B: Instrumentation Calibrations

Transducer Calibrations

All of the pressure transducers were calibrated statically using
a dead weight calibration unit. The test transducer, a Dynisco PT49-iM
series pressure transducer, was calibrated with its associated equipment,
the D.C. amplifier and the regulated power supply. The response was
linear even at the relatively low calibration pressures used. The results
of this calibration are presented in Figure B-i.

The three quartz transducers and their amplifier-calibrators
were also calibrated statically on the dead weight tester. The sensitivity
of the system depended upon the length of the connecting cable from the
transducer to the amplifier-calibrator. Two cable lengths were used.
Results of the calibration are presented in Figure B-2.

Filter Characteristics

The circuit diagram of the fhree identical filters used is

presented below.

L TIR —l_- R —0
C

3300
Input High Impedance
005 f Load (Oscilloscope)
o o}

The phase shift and amplitude characteristics of these filters,
presented in Figures B-3 and B-4, were determined in the following manner:

I. Amplitude - The ampiitude of the sine wave output of a
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B-7

signal generator was set at 20 db. The filter was then inserted between
the signal generator and the voltmeter. The db loss is plotted as a
function of frequency in Figure B-3., The change in amplitude over the
frequency range of interest (1800-21,600 cps) was small and no corrections

were made to the data for the effect of filter insertion.

2. Phase Shift - Since three filters were used at all Times,
it is the phase shift between filters that is important. As can be seen
from Figures B-4 this was fairly smail. The phase shift was determined
wiTh the setup shown in Figure B-5 from which the phase shift can be

-1
calculated using the formula (b = sin X/Y .
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